Abstract: 2-Sulfonate p-terephthalic acid (sTA) was synthesized, and sulfonated polybenzimidazoles (sPBI) were prepared by direct polycondensation of 3,3'-diaminobenzidine (DAB) and sTA with 4,4'-oxybis(benzoic acid) (OBBA) or 2,2'-bis(4-carboxylphenyl)-hexafluoropropane (BCHFP). Thus the ether groups and hexafluoroisopropylidene units were incorporated into the backbone of the sPBI in order to improve the flexibility and solubility. The sPBI based on OBBA showed poor solubility, while the sPBI containing hexafluoroisopropylidene units were soluble in common solvents. sPBI-20 ~ sPBI-60 could form tough and transparent membranes by solution casting. sPBI indicated high thermal stability, the 5% weight loss temperature (T 5% ) which was higher than 520 o C, decreased with the increase of degree of sulfonation. sPBI-20 ~ sPBI-60 showed no glass transition at temperatures lower than 380 o C. In addition, sPBI showed low water uptake, low swelling ratio as well as excellent resistance to oxidation. But sPBI exhibited low proton conductivity because of the strong acid-base interactions between basic benzimidazole and sulfonic acid groups.
Introduction
Proton exchange membrane fuel cell (PEMFC) is a promising candidate for the automotive, stationary and portable power because of advantages such as low pollution, high conversion of energy efficiency and high power density [1, 2] . The proton exchange membrane (PEM) plays a key role in PEMFC, so the investigation of PEM attracts extensive attention these years. Nafion produced by Du Pont is the current state-of-the-art membrane, but it shows low conductivity in high temperature or low humidity conditions, high methanol cross-over, and is expensive, which hinder the further application in the field of PEMFC [3, 4] . Therefore, many researchers have made extensive efforts to develop non-fluorinated polymer exchange membranes to meet the need [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Polybenzimidazoles (PBI) are high performance polymers due to its excellent mechanical, thermal and oxidation stability. It is of interest to use the family of PBI as the bulk material of PEM. Wainright et al. used the phosphonic acid doped PBI as PEM, which attracted great attention because they showed exciting merits including good proton conductivity at elevated temperature, an almost zero electro-osmotic drag coefficient, and low methanol permeability [18] . Subsequently, H 2 SO 4 , HCl, HClO 4 , HNO 3 , LiOH, NaOH, KOH and K 2 CO 3 were employed to prepare the doped PBI membrane [19] [20] [21] . However, these doped components of modified PBI membranes were leaked out in the course of operation. PBI based proton exchange membranes could also be prepared by grafting the alkylsulfonate and arylsulfonate groups onto the nitrogen atom of benzimidazole units [22] [23] [24] . The corresponding process is troublesome and carried out under anhydrous condition. Low graft degree only resulted in low ion exchange capacity (IEC), while high graft degree rendered the resulting membrane water soluble and useless in the application of fuel cells [22, 24] . J. A. Asensio et al synthesized sulfonated polybenzimidazoles (sPBI) by direct polycondensation of 5-sulfoisophthalic acid mono-sodium salt with 1,2,4,5-tetraaminobenzene tetrahydrochloride, which is an important route to prepare the PBI based PEM. But the purity of the monomers is poor, the product showed low molecular weight [25] . Our group has synthesized a series of soluble sulfonated polybenzimidazoles by direct polycondensation of the sulfonated dicarboxylic acid monomers and the dicarboxylic acid monomers with 3,3'-diaminobenzidine [26] [27] [28] [29] . The sulfonated dicarboxylic acid monomers were synthesized in our lab, including 5-sodium sulfonate isophthalic acid, bis(3-sulfonate-4-carboxyphenyl) sulfone and 4,8-disulfonate-2,6-naphthalenedicarboxylic acid [26, 27] . In view of the preparation of the sPBI based proton exchange membranes, their solubility is crucial. In some cases of the aforementioned sPBI, the flexible groups were introduced into the backbone of sPBI by polycondensation of the sulfonated dicarboxylic acid monomers and 2,2'-bis(4-carboxylphenyl)-hexafluoropropane or 4,4'-dicarboxyldiphenyl ether with 3,3'-diaminobenzidine in order to improve the solubility of the product [28, 29] . Up to now, few studies on soluble sPBI were reported [30] .
In this paper, 2-sulfonate terephthalic acid (sTA) was synthesized by sulfonation and oxidation reactions, then the corresponding sPBI were prepared by direct polycondensation of 3,3'-diaminobenzidine with sTA and 4,4'-dicarboxyldiphenyl ether (or 2,2'-bis(4-carboxylphenyl)-hexafluoro -propane). Thus the flexible groups, including the ether groups and the hexafluoroisopropylidene units, were introduced into the backbone of the products so as to improve the solubility. Their structure and properties were preliminarily investigated.
Results and discussion

Synthesis of 2-sulfonate p-xylene and 2-sulfonate terephthalic acid
2-Sulfonate p-xylene (sXY) was synthesized by sulfonation of p-xylene using 95~98% concentrated sulfuric acid as sulfonating agents (Scheme 1). The sulfonation reaction is an electrophilic substitution reaction and the methyl group is the electron-donating substitutent. Thus the sulfonate group locates on the orthoposition of the methyl group. 1 H NMR spectrum of 2-Sulfonate p-xylene is showed in Figure 1(a) , where the peaks are assigned. 2-Sulfonate terephthalic acid was synthesized by oxidation of 2-sulfonate p-xylene with potassium permanganate. The crude product was acidified with hydrochloric acid, the pure product was obtained by recrystallization from water. The carboxylic acid is a weak acid, while sulfonic acid is the strong and nonvolatile acid, so the carboxyl group of the product could remain in the acid form, whereas the sulfonic group is in the salt form. 1 H NMR spectrum of 2-sulfonate terephthalic acid is indicated in Figure 1( 
Synthesis of sulfonated polybenzimidazoles
Sulfonated polybenzimidazoles (sPBI) with various sulfonation degrees were prepared by direct polycondensation in polyphosphoric acid (PPA, 85%) according to the previous route [26] [27] [28] [29] . The reaction scheme is presented in Scheme 2. sPBI-oxy were synthesized by polycondensation of 2-sulfonate terephthalic acid (sTA) and 4,4'-oxybis(benzoic acid) (OBBA) with 3,3'-diaminobenzidine (DAB), while sPBI-xx were prepared by polymerization of terephthalic acid (or sTA) and 2,2-Bis(4-carboxylphenyl)hexafluoropropane (BCHFP) with DAB. sPBI-xx represent the products with various sulfonation degrees, the number xx of which is the molar percent ratio of the sulfonated monomer to all the dicarboxylic acid monomers. In order to get enough high molecular weight, high reaction temperature (220 o C) and long reaction time are necessary. Table 1 lists the reaction conditions and results. It could be found from Table 1 that the products (sPBI-00~ sPBI-80) have high molecular weight. The M n is higher than 6.0×10 4 g/mol, and the polydispersity index is in the range of 1.9~3.4. However, sPBI-oxy is insoluble in N,N-dimethyl formamide. The IR spectra of PBI and sPBI were investigated by many researchers in detail [26, 30, 31] . Fig 1 shows the IR spectra of sPBI-oxy and sPBI-xx. It is identified from the figure that there is no residual carbonyl peak between 1800~1650 cm -1 , which suggests that the cyclization to form benzimidazole rings is complete in all the polymers. The absorbed bands centred at 3407 and 3192 cm -1 are attributed to the hydrogen-bonded and "free" N-H groups, respectively. The peak at 1630 cm -1 is assigned to the C=C/C=N stretching vibration, whereas the peak at 1611 cm -1 is the characteristic band of the conjugation between the benzene and the imidazole rings. Strong absorption due to the in-plane ring vibration of the 2,6-disubstituted benzimidazole is found at 1446 cm -1 . The characteristic of the imidazole ring breathing vibration is observed at 1280 cm -1 . On Comparing the IR spectrum of sPBI-00 with that of sPBI-20 ~ sPBI-80, it is observed that the former shows no absorption bands at 1074 and 622 cm -1 , and that the latter displays the notable peaks centred at 1074 and 622 cm -1 . According to their molecule structure, it is easily deduced that the peaks are ascribed to the characteristic band of the O=S=O group (asymmetric stretching vibration) and the -S-O-group of the sulfonate, respectively. Though the band at 1240 cm -1 of sPBI is not distinct, it still could be identified, which is attributed to the symmetric stretching vibration of the O=S=O group of the sulfonate. Besides, the intensity of the bands at 1240, 1074 and 622 cm -1 increases with increasing sulfonation degree like the previous studies, indicating further that they are ascribed to the sulfonate group [17] . Notably, the active hydrogen of the benzimidazole group is broad and found in the low field. The assignment of other hydrogen atoms of sPBI-00 and sPBI-60 are determined in Fig 2. The structure of the polybenzimidazoles and sulfonated polybenzimidazoles is confirmed by 1 H NMR and IR spectroscopy.
Solubility of sPBI-xx and sPBI-oxy
Generally, polybenzimidazoles with the rigid backbone and strong hydrogen bond interaction show poor solubility. Compared with polybenzimidazoles, sulfonated polybenzimidazoles show stronger intermolecular interaction, so the solubility of sPBI is a key factor when used as PEM. The solubility behavior was carried out at a polymer concentration of 0.6 wt%. The solubility results are indicated in Table 2 . sPBI-oxy are insoluble in DMSO, DMAc, DMF, NMP, and sulfolane even at boiling temperatures. It demonstrates that the introduction of the ether group to the backbone do not effectively improve the solubility of sPBI derived from 2-sulfonate terephthalic acid. However, the ether group of the backbone improved the solubility of sPBI based on 5-sulfonate isophthalic acid in our previous report [29] . The hexafuloroisopropylidene unit was also incorporated into the main chain of sPBI-xx by direct polycondensation so as to improve their solubility. The results of the solubility are listed in Table 2 . sPBI-20 ~ sPBI-60 are soluble in DMAc and DMF even at room temperature. sPBI-00 ~ sPBI-60 are nearly insoluble in DMSO, NMP and sulfolane at the room temperature, but soluble at 150 o C for 48 h. Different from sPBI-oxy, the hexafluoroisopropylidene unit promotes the sPBI-xx to dissolve in common aprotonic polar solvents. Besides, it is observed that sPBI-20 ~ sPBI-60 show higher solubility in DMAc than in DMF at room temperature. Therefore, DMAc is the best one for sPBI-xx among all the above solvents. o C, they could not dissolve completely in DMAc or DMF even at boiling points when the concentration is close to 6 wt%. Low concentration polymer solution couldn't produce the thick enough membrane used as PEM by casting, so the following membrane samples only include sPBI-20 ~ sPBI-60.
Thermal stability of the sPBI
Thermogravimetric analysis (TGA) was used to determine the thermal stability of PBI and sPBI in the acid form. TGA curves of PBI and sPBI are displayed in Fig 3, and the 5% weight loss temperature (T 5% ) of them is listed in Table 3 . C, due to the absorbed moisture [17] . Polybenzimidazoles sPBI-00 degrade at around 570 o C, the T 5% of which is 624 o C. In constrast, sPBI start to degrade at 500 o C, much lower than PBI. However, they still show good thermal stability, the T 5% of which is in a range of 540~593 o C, much higher than the operation temperature of PEMFC. sPBI-50 and -60, with the IEC higher than 1.0 meq/g, show two notable degradation process, the first one is attributed to de-sulfonation, the second one is assigned to the degradation of the backbone. The thermogravimetric results are consistent with the results of the reported sulfonated polymers [14] [15] [16] [17] . 
Ion exchange capacity
The ion exchange capacity (IEC) of sPBI is compiled in Table 3 . The calculated IEC was determined according to the molecule structure, while the measured IEC was obtained by titration. Though there are some errors between the measured value and the theoretical one, the former is close to the latter, indicating that the sulfonic acid group is successfully attached to the backbone of sulfonated polybenzimidazoles by polycondensation. Similar to the reported studies, the acid protons of sPBI membranes are more difficult to exchange with sodium ions in solution than those of other sulfonated polymers such as sulfonated poly(arylene ether sulfone)s and sulfonated poly(arylene ether ketone)s [30] . The sulfonic acid and benzimidazole group form the acid-base complex, the free H + of the sulfonic acid decreases, rendering the process of the neutralization slow [30] . It took about 16 h for a sample to be neutralized with 0.01 mol/L NaOH solution. In contrast with the titration of the above sPBI, that of sulfonated poly(arylene ether sulfone)s and sulfonated poly(arylene ether ketone)s membranes required not more than 0.5 h.
Water uptake and swelling of the sPBI membranes
The water uptake behavior of sPBI-20~sPBI-60 membranes is shown in Fig. 5 . Their water uptake increase slowly with increasing temperatures. The increase amplitude of water uptake between 50 o C and 60 o C is the greatest among all the 10 o C temperature intervals. At the same temperature, the water uptake enhances with the increase of sulfonation degree. sPBI-60, with the IEC of 1.34 meq/g, shows the greatest water uptake among all the sPBI at 90 o C. However, it reaches only a value of 13.9%, much lower than that of Nafion 117 (30%) at the same temperature. sPBI20~sPBI-60 shows low water uptake. C, but the amplitude is less than 3%. When the temperature is higher than 60 o C, the swelling ratio hardly increases again. As expected, the swelling ratio augments with the increase of the sulfonation degree at the same temperature. The swelling ratio is low, for example, sPBI-60 with a IEC of 1.34 meq/g only shows a swelling ratio of 2.9% at 90 o C, which is much lower than that (21%) of Nafion 117. Generally, the swelling behavior is similar to the water uptake behavior. On the contrary, the swelling behavior of sPBI is somewhat different from its water uptake behavior. The former remains a trend of enhancement with increasing temperatures, while the latter indicates little increase at temperatures higher than 60 o C. The main reason may be due to the powerful intermolecular interaction of sPBI not only between the benzimidazole and sulfonic acid group but also between the intermolecular benzimidazole groups.
Oxidative stability of sPBI
During the work of fuel cells, some O 2 diffuse across the polyelectrolyte membrane from the cathode to the anode and react with H 2 to produce H 2 O 2 , decomposing to HO· and HO 2 · radicals at the anode [32] . The radicals attack the proton exchange membrane, leading to its degradation [33] . For the non-fluorinated PEM, the degradation is an especially important issue. To simulate a similar situation of PEMFC, the test was carried out by immersing the samples in 30% H 2 O 2 solution containing 30 ppm ferrous ions (Fenton's reagent) according to the literature [34] . Table 4 lists the results of sPBI-20 ~ sPBI-60 membranes after oxidation by the above Fenton's reagent at 85 o C for 5 days. The weight loss of sPBI is very small, which is in the range of 3.7%~8.1%. In general, the oxidation stability of sulfonated polymers decreases with the increase of the sulfonation degree. Conversely, the weight loss of the sPBI decreases with increasing sulfonation degree, and the corresponding variation in the appearance becomes more and more inconspicuous. sPBI-60 membrane shows no distinct change after oxidation by Fenton's reagent, which further illustrates that the sPBI have high oxidation stability. Up to now, we do not know the reason for this phenomenon; it is worthwhile to study this in the subsequent work. No distinct change 3.7
Conductivity of sPBI
The conductivity of sPBI-20 ~ sPBI-60 is shown in Fig 7. As expected, the conductivity of sPBI increases with the IEC and temperatures [17] . sPBI-60 shows the highest conductivity among all the sPBI, reaching 5.9 × 10 -3 S/cm, which is almost two order lower than that of Nafion. This is due to the strong acid-base interactions between basic benzimidazole and sulfonic acid groups, leading to only a small portion of acid protons available for proton conduction [35] . Different research groups have found such behavior in the conductivity with the approximate order of magnitude [35, 36] . Therefore, the conductivity of the pristine sPBI is low as proton exchange membranes. But sPBI may show advantages in preparing blending proton exchange membranes because the blending membranes from PBI and sulfonated polymers have excellent overall properties [37] . 
Conclusions
2-Sulfonate p-terephthalic acid (sTA) was synthesized by sulfonation and oxidation. sPBI were prepared by direct polycondensation of 3,3'-diaminobenzidine (DAB) with sTA and 4,4'-oxybis(benzoic acid) (OBBA) or 2,2'-bis(4-carboxylphenyl) hexafluoropropane (BCHFP). The ether groups and hexafluoroisopropylidene units were incorporated into the backbone of sPBI in order to improve the flexibility and solubility. However, the sPBI derived from OBBA showed poor solubility, so their tough membrane samples could not be obtained by casting from solution. On the contrary, the sPBI containing hexafluoroisopropylidene units have good solubility, for example, sPBI-20 ~ sPBI-60 solution could be cast into tough and transparent membranes. sPBI indicated high thermal stability, the 5% weight loss temperature (T 5% ) of which is higher than 520 o C, decreasing with the increase of sulfonation degree. sPBI show no glass transition at temperatures lower than 380 o C. Besides, sPBI show low water uptake, low swelling ratio as well as excellent resistance to oxidation. But sPBI show low proton conductivity because of the strong acid-base interactions between basic benzimidazole and sulfonic acid groups. 
Experimental part
Synthesis of 2-sulfonate p-xylene
A mixture of 25 g p-xylene and 75 ml concentrated sulfuric acid (95~98%) was stirred at 40~80 o C for 11 h, then cooled to room temperature. The resulting mixture was poured into ice water with stirring, followed by decolorizing with activated char. The crude product was salted out by sodium chloride, then filtered and dissolved in water and neutralized with sodium hydroxide. Recrystallization from water gave the objective product in a 78% yield. 
Synthesis of 2-sulfonate terephthalic acid (sTA)
25 g 2-Sulfonate p-xylene and 350 ml de-ionized water were introduced into a 500 ml three-necked round bottom flask. Potassium permanganate was added in small portions at 20 minutes intervals after which the reaction mixture was stirred at the boiling temperature for 7.5 h. The manganese dioxide precipitate was removed by filtration. The filtrate was acidified with 1 mol/L hydrochloric acid until its pH value was equal to 3. After concentrating the filtrate, the crystallized product was formed. Recrystallization from water for three times provided the purified resultant in a yield of 71%.
IR (KBr, cm 
Polycondensation of sulfonated polybenzimidazoles
The typical polycondensation procedure of polybenzimidazoles and sulfonated polybenzimidazoles was described as follows. 
Characterization
-Instruments
The IR spectra were performed on a PE Paragon 1000 PC Fourier transform spectrometer. The NMR spectra were recorded using a Varian Mercury Plus 400Hz NMR instrument. The molecular weight of polymers was determined by a PE200 gel permeation chromatography (GPC), equipped with a 750 mm mixed 10 μPS pump and refractive index detector. All samples were run in DMF containing 0.05 mol/L of LiBr at a flow rate of 1.0 ml/min. Molecular weight were calibrated with polystyrene standards. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out on a PE Pyris-1 differential scanning calorimeter and a PE TGA-7 thermogravimetric analyzer, respectively. The TGA curves were recorded at 150 to 800 6 Hz to 100 Hz, similar to a reported procedure [17] .
-Ion-exchange capacity
The IEC of sPBI was evaluated by titration. The acid form membranes were soaked in saturated NaCl solution for 3 days to replace the H + with the Na + . The free H + was titrated by 0.01 M NaOH solution using phenolphthalein as an indicator, thus the IEC was obtained.
-Water uptake and swelling ratio
The membranes in the acid form were dried at 120 o C in vacuo for 24 h, then the weight and length of the dry membrane were obtained. The dry membrane was dipped in de-ionized water at the indicated temperatures for 24 h to ensure that the membrane was saturated with water. Then the membrane was taken out and water on the membrane surface was removed quickly with filter paper. The weight and length of the wet membrane were measured immediately. The water uptake and swelling ratio of the samples were calculated by the following equations:
Water uptake = (W wet -W dry ) / W dry × 100% Swelling ratio = (L wet -L dry ) / L dry × 100% where W wet and W dry were the mass of the wet and dry membrane, L wet and L dry were the length of the wet and dry membrane, respectively.
-Oxidative stability
The oxidation stability was determined via the Fenton's experiment like the literature [34] 
